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thumb metacarpals. 
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Abstract  20 
The human lineage is marked by a transition in hand use, from locomotion towards increasingly 21 
dexterous manipulation, concomitant with bipedalism. The forceful precision grips used by modern 22 
humans likely evolved in the context of tool manufacture and use, but when and how many times 23 
hominin hands became principally manipulative remains unresolved. We analyse metacarpal 24 
trabecular and cortical bone, which provide insight into behaviour during an individual’s life, to 25 
demonstrate previously unrecognized diversity in hominin hand use. The metacarpals of the palm in 26 
Australopithecus sediba have trabecular morphology most similar to orangutans, and consistent with 27 
locomotor power grasping with the fingers, while that of the thumb is consistent with human-like 28 
manipulation. This internal morphology is the first record of behaviour consistent with a hominin 29 
that used its hand for both arboreal locomotion and human-like manipulation. This hand use is 30 
distinct from other fossil hominins in this study, including Australopithecus afarensis and 31 
Australopithecus africanus. 32 
 33 
The dexterous modern human hand is often contrasted with the hands of other apes, which are 34 
integral to their arboreal and terrestrial locomotion 1,2,3. The long thumb relative to the fingers4, 35 
strong thenar musculature5, reoriented radial carpals, and broad phalangeal apical tufts, that 36 
characterise the human hand2 are thought to facilitate habitual forceful precision grips, power 37 
‘squeeze’ grips and precision in-hand manipulation6,7 unique to our species. The evolution of this 38 
dexterity is challenging to infer in Plio-Pleistocene hominins, including Australopithecus, 39 
Paranthropus and early Homo, since only indirect association exists between fossil specimens and 40 
archaeology evidencing this behaviour. Anatomical correlates of this dexterity often co-occur with 41 
ape-like features associated with arboreal locomotion, such as curved phalanges with well-42 
developed flexor sheath ridges8,9. This mosaic of ape-like and human-like manual features is 43 
replicated in other postcranial elements of Australopithecus afarensis and Australopithecus 44 
africanus10,11. There is consensus that human-like features of the lower limb indicate at least 45 
facultative terrestrial bipedality in Australopithecus (reviewed in11). However, the significance of 46 
ape-like upper limb features has been debated, with some interpreting them as incidental retentions 47 
from a more arboreal ancestor12 while others consider these features as evidence of sustained 48 
selection for arboreal locomotion13. These differing interpretations imply that either our 49 
manipulative abilities began to evolve in hands freed of the demands of locomotion, or in an 50 
arboreal hominin(s) that was not yet an obligate biped. 51 
The mosaic Australopithecus sediba partial skeleton, Malapa Hominin 2 (MH2), offers a unique 52 
Pleistocene perspective on the debate concerning locomotion in Australopithecus14. At 1.98 million 53 
years old15, MH2 lived just after the earliest lithic technology yet found in South Africa16 (2.18 Million 54 
years ago [Mya]) and after the earliest evidence of this technology in East Africa17 (3.3 Mya). 55 
Features of the lower limb and pelvis indicate straight-legged bipedalism in this species, perhaps 56 
with a uniquely hyperpronated foot18. In contrast, MH2 has a relatively long upper limb and a 57 
superiorly-oriented glenoid fossa of the scapula, as in other australopiths, which could be 58 
interpreted as primitive retentions or functionally-significant arboreal adaptations19. Similarly, a 59 
human-like thumb-to-finger length ratio suggests a manipulative hand in A. sediba, but this is 60 
concomitant with moderately curved phalanges and well-developed flexor sheath ridges, considered 61 
useful during arboreal locomotion3. Stable-carbon isotope, dental calculus and micro-wear analyses 62 
all indicate this species was distinct among South African hominins in having a predominantly C3 diet, 63 
similar to savannah chimpanzees that mainly consume arboreal foods20. Therefore, as with other 64 
Australopithecus species, the ape-like features of the MH2 hand may be interpreted as primitive 65 
retentions, in the context of contemporaneous South African lithic evidence for forceful precision 66 
grips, or indicative of a significant arboreal component in this species’ locomotor repertoire and diet. 67 
As behaviour changes faster than external morphology, this fossil evidence cannot discriminate 68 
between these interpretations. To resolve this debate, we analyse morphology that can reflect 69 
behaviour of fossil individuals during their lifetime. 70 
Internal bone structure, including cortical bone distribution and trabecular architecture, can support 71 
and refine interpretations of locomotor and manipulative behaviours, based on analyses of external 72 
bone shape. Trabecular structure has been experimentally shown to (re)model in response to load 73 
via bone functional adaptation21 across a range of phylogenetically-distant taxa22,23,24. Comparative 74 
studies have shown an association between trabecular structure and inferred habitual hand posture 75 
in apes24,25,26. Trabecular bone of long bone epiphyses is deposited in response to habitual loading 76 
from an adjacent joint, with deposition occurring along the direction of loading, to more efficiently 77 
transfer force into the cortical diaphysis27. Diaphyseal and subchondral cortical bone has also been 78 
shown to respond to habitual loading in a variety of mammals and birds21,28,29. Subchondral cortical 79 
bone distribution and diaphyseal cross-sectional geometry have been demonstrated to correlate 80 
with different locomotor modes in primate forelimbs and hands30,31. Habitual locomotor modes are 81 
thought to produce strains that stimulate the formation of bone, which changes long bone cross-82 
sectional shape and robusticity21. The evidence of functional adaptation in cortical and trabecular 83 
bone during the life of an individual, can provide critical information for reconstructing behaviour in 84 
the past. 85 
We analyse the relative cortical structure of metacarpal diaphyses and, for the first time, quantify 86 
the subchondral trabecular bone volume fraction across the metacarpal heads and thumb 87 
metacarpal base in great apes, humans and fossil hominins, using a novel geometric morphometric 88 
approach. As there is substantial variation in systemic bone volume fraction across species, and its 89 
distribution throughout a joint is more informative for inferring habitually-loaded hand postures, we 90 
standardised bone volume fraction values for each subchondral metacarpal surface to calculate 91 
relative bone volume fraction (RBV) values. Initially, we assess whether these internal structures 92 
correlate with the presumed habitual hand postures employed by great apes during locomotion and 93 
manipulation. We expect the hyper-extension of metacarpophalangeal joints during knuckle-94 
walking32 will result in a dorsal concentration of RBV in the finger metacarpals of African great apes 95 
(Pan paniscus, Pan troglodytes and Gorilla gorilla). The flexion of these joints, when grasping 96 
branches in primarily arboreal orangutans (Pongo sp.)33 is predicted to result in a palmar 97 
concentration of RBV in the finger metacarpals, whereas the flexion employed in recent human (H. 98 
sapiens) manipulation34 is predicted to concentrate RBV more palmarly with increasingly ulnar 99 
rays26. In the metacarpophalangeal and trapeziometacarpal joints of the human thumb, we expect a 100 
concentration of radio-palmar RBV, reflecting an abducted opposed thumb, during habitual forceful 101 
precision grips26,35. The flexion and adduction of the thumb, during frequent pad-to-side grips, in 102 
other great apes is predicted to produce ulnar RBV concentrations at the metacarpophalangeal, and 103 
palmar RBV concentrations at the trapeziometacarpal joint36,37,38. We use this comparative context 104 
to infer habitual hand postures during manipulation in fossil Homo sapiens and Homo 105 
neanderthalensis, which are both considered to have modern human-like dexterity39. Finally, we 106 
infer hand use in Plio-Pleistocene hominins, including A. afarensis, A. africanus, A. sediba and SK 84, 107 
attributed to either Paranthropus or early Homo. We test if ape-like traits in the external 108 
morphology of Plio-Pleistocene hominins and, in particular, the associated hand of A. sediba MH2, 109 
were functionally significant or incidental traits from a more arboreal ancestor. 110 
Metacarpals in extant great apes 111 
We test the hypothesis that distribution of RBV would be consistent with metacarpophalangeal and 112 
trapeziometacarpal joint positions thought to be habitually loaded in great ape locomotion and 113 
manipulation. Higher average RBV in each species corresponds with predicted habitual metacarpal 114 
joint positions. Higher dorsal RBV in Gorilla (Fig. 1a) and Pan is consistent with the hyperextended 115 
metacarpophalangeal joints during knuckle-walking32 (Extended Data 3). A principal components 116 
analysis (PCA) of subchondral RBV distribution in second to fifth metacarpal heads (Mc2-Mc5; Fig. 117 
2a), the finger metacarpals, demonstrates that chimpanzees and bonobos, that share similar 118 
locomotor repertoires40 and assumed habitual hand postures, are statistically indistinct. This PCA 119 
also distinguishes knuckle-walking African apes from Pongo and Homo (Fig. 2a; S 3). Higher palmar 120 
RBV in the finger metacarpals of Pongo (Fig. 1b) is consistent with habitually-flexed finger joints 121 
employed in arboreal power grasps, such as a ‘double-locked’ grip33.Recent humans also show high 122 
palmar RBV, but this distribution is asymmetrical, showing increasing palmar RBV from Mc2 to Mc5, 123 
which is consistent with the simultaneous flexion and ulnar deviation of the finger joints when 124 
opposing the thumb during manipulation34 (Fig. 1c).  125 
In the first, or thumb, metacarpal (Mc1), recent humans display a statistically distinct pattern of RBV 126 
compared to great apes (Figs. 1c and 3; S3; Extended Data 4). This distribution of higher RBV in the 127 
radial region of the Mc1 head (distal) and radio-palmar region of the base (proximal) is compatible 128 
with thumb abduction, flexion and opposition during forceful precision grips, and in-hand 129 
manipulation26,35. Conversely, the great ape pattern shows higher average RBV values on the 130 
opposite side (disto-ulnar) of the Mc1 head and at the palmar Mc1 base, which is consistent with 131 
thumb flexion and adduction (Fig. 1b) during ‘pad-to-side’ grips frequently practised by wild and 132 
captive great apes36,37,38. Gorilla shows a more pronounced pattern of the great ape RBV value 133 
distribution, which is significantly different from Pan species (S.3). 134 
To assess the biomechanical importance of the thumb in each species we investigate bending 135 
stiffness and shape of the metacarpal diaphysis, at 50% bone length, across all the metacarpals. We 136 
predicted, due to higher radio-ulnar loading of the muscular thumb in recent human manipulation2,5, 137 
the thumb metacarpal diaphysis would be radio-ulnarly wider and possess higher bending stiffness 138 
relative to the finger metacarpals. In extant apes, we predicted bending stiffness would be similar in 139 
the thumb and finger metacarpals, as it appears to be less frequently forcefully loaded compared to 140 
humans36,37,38. Results show that human thumb metacarpals have a significantly higher average area 141 
moment of inertia (measuring bending stiffness) than extant great apes (S5, Fig. 4). However, 142 
although human thumb metacarpal midshafts are consistently radio-ulnarly wider than those of the 143 
finger metacarpals, this ratio is not significantly different from most great apes, in which it is highly 144 
variable intraspecifically (S5, Fig. 4).  145 
Metacarpal internal trabecular and cortical bone structure clearly distinguish recent humans from 146 
extant great apes. In humans, this internal structure reflects primarily manipulative fingers and a 147 
strong thumb. In great apes it reflects reduced biomechanical importance of the thumb, and fingers 148 
that are principally loaded during locomotion, including grasping branches, knuckle-walking, or both. 149 
Hand use in fossil Homo 150 
The fossil H. sapiens (Ohalo II H2, Arene Candide 2 and Barma Grande 2) RBV distribution places 151 
them near, or within, the recent human range across the metacarpals (Figs. 2 and 3). Fossil H. 152 
sapiens cortical bone exhibits the same shape ratio but a stiffer Mc1 diaphysis than in recent 153 
humans. In contrast, H. neanderthalensis specimens (Kebara 2, El Sidrón, Tabun C1) have a similar 154 
diaphyseal bending stiffness of the thumb metacarpal, relative to the finger metacarpals, but a 155 
radio-ulnarly narrower thumb metacarpal midshaft, compared to recent humans (Fig. 4). The finger 156 
metacarpal RBV distribution in both H. neanderthalensis specimens is separated from recent and 157 
fossil H. sapiens by higher values on the distal aspect of the metacarpus, especially in the more ulnar 158 
rays. The RBV distribution of the H. neanderthalensis thumb metacarpal is variable; Feldhofer 1 159 
clusters with H. sapiens while Kebara 2 and El Sidrón have higher values toward the ulnar aspect of 160 
the Mc1 head, which is more similar to the pattern found in Pan (although only Kebara 2 falls close 161 
to the Pan distribution; Fig. 3). While implying different habitually-loaded hand postures from recent 162 
humans, this thumb metacarpal signal is still consistent with manipulation.  163 
Hand use in Plio-Pleistocene hominins  164 
There is no complete associated metacarpus for A. africanus or A. afarensis, but a partial composite 165 
metacarpus can be created for each species (see Methods). Although drawn from different sub-sets 166 
of the data, the trabecular distribution within both the A. africanus Mc2-4 (Fig. 2b) and A. afarensis 167 
Mc2, 3 and 5 (Fig. 2c) is intermediate between all extant taxa. SK 84 is an Mc1 attributed to 168 
Paranthropus or early Homo41 and has a RBV pattern that is most similar to that of extant great apes 169 
(Fig. 3). The A. africanus thumb metacarpal (StW 418) clusters near those of H. neanderthalensis (Fig. 170 
3) but displays a distinct pattern of RBV values unlike any Homo specimen studied. The relative 171 
bending stiffness of StW 418 is also significantly lower than that of recent humans, falling within the 172 
range of extant apes (Fig. 4).  173 
The finger metacarpals of A. sediba demonstrate a different RBV distribution from other 174 
australopiths, consistently falling at the edge of the Pongo range (Figs. 2a, b, c). In stark contrast, the 175 
associated thumb metacarpal has a trabecular structure that falls within the range of recent humans 176 
and Gorilla, due to one specimen that extended the latter species’ range (Fig. 3). However, the Mc1 177 
trabecular structure in A. sediba is closest to the human average and, indeed, overlaps with one 178 
recent human specimen, itself not an outlier of the human range (Fig. 3,S4). The relative bending 179 
stiffness of the A. sediba thumb metacarpal, uniquely falls between extant great apes and recent 180 
humans, though the midshaft of the thumb has a shape similar to the latter (Fig. 4). These results 181 
suggest the A. sediba hand experienced a predominant loading regime not seen in any extant great 182 
ape, recent human or other fossil hominin examined in this study. They are also the first direct 183 
record of in vivo, arboreal grasping and human-like manipulation combined in a complete and 184 
associated hominin hand.  185 
Discussion 186 
Cortical and trabecular metacarpal structure, clearly distinguishes presumed habitual hand loading 187 
patterns across humans and great apes, even though the interplay between load magnitude and 188 
frequency, as well as several other factors, including genetics, hormones, or systemic patterns, in 189 
shaping internal bone structure is not fully understood21,28,42. The current trabecular data are 190 
consistent with fingers that are hyper-extended during African ape knuckle-walking and fingers that 191 
are habitually flexed during arboreal power grasping in Pongo. The H. sapiens trabecular distribution 192 
is consistent with flexed, ulnarly deviated fingers and an opposed thumb during manipulation, an 193 
interpretation supported by a thumb midshaft that is more resistant to bending (stiffer), relative to 194 
those of the finger metacarpals, than in great apes. This functional signal among extant taxa, 195 
combined with a growing body of comparative and experimental studies demonstrating bone 196 
functional adaptation21,22,23,24,25, allows us to reconstruct key aspects of hand loading in fossil 197 
hominins.  198 
Fossil H. sapiens demonstrated a pattern of internal bone structure similar to that of recent humans, 199 
but had higher relative diaphyseal bending stiffness in the thumb. This disparity may reflect greater 200 
loading of the thumb in fossil H. sapiens or a systemic reduction of bone robusticity known to have 201 
occurred in Neolithic humans43. The internal bone structure of H. neanderthalensis was consistent 202 
with habitually less-flexed fingers and a more adducted thumb, than in recent and fossil humans. 203 
While these joint positions are also habitually used by great apes, H. neanderthalensis external 204 
morphology is broadly similar to that of recent humans. The subtle differences from humans in H. 205 
neanderthalensis external metacarpal morphology, including less radio-ulnarly asymmetric second 206 
and fifth metacarpal heads, would restrict the axial rotation of the fingers during flexion in precision 207 
grips39. Combined with a capitate possessing a more parasagittal orientation of the second 208 
metacarpal facet and a radio-ulnarly flatter fifth metacarpal base than in humans, this Neanderthal 209 
morphology has been interpreted as better adapted to axial loads, which is consistent with a more 210 
distally loaded metacarpophalangeal joint39. This suggests that this species may have adopted grips 211 
favouring less flexed fingers and a somewhat adducted thumb, similar to the human power 212 
‘squeeze’ grip and ‘pad-to-side’ precision grip39. Such grips may have been frequently employed to 213 
grip hafted tools or to secure scrapers, respectively. These tool technologies are commonly 214 
associated with H. neanderthalensis in the archaeological record39. The diversity of lithic tools 215 
produced by this species44, as well as morphological evidence for a distinction between northern and 216 
southern European H. neanderthalensis45, likely explains why the trabecular structure of the thumb 217 
metacarpal of Feldhofer 1 is more similar to recent humans than other H. neanderthalensis. 218 
Variation in the thumb trabecular distributions, across australopiths and Swartkrans specimen SK 84 219 
is reinforced by the trabecular patterns of the australopith finger metacarpals. Although diversity 220 
may be expected in taxa that occupy large geographical and temporal ranges, A. afarensis, A. 221 
africanus and A. sediba all share relatively gracile metacarpal morphology, moderately curved 222 
phalanges, and similar (estimated) hand proportions, which would not necessarily imply such 223 
variation in metacarpal loading. While caution is warranted when interpreting small fossil sample 224 
sizes, the SK 84 thumb metacarpal shows a more robust Homo-like external morphology, but it is the 225 
only fossil specimen to fall within the great ape trabecular distribution (Fig. 3). The relative bending 226 
stiffness of the thumb metacarpal in A. africanus similarly appears ape-like. Although the lack of an 227 
A. afarensis or A. africanus associated metacarpus makes comparisons challenging, A. sediba loaded 228 
its hand distinctly differently. The internal bone structure of the A. sediba MH2 hand has a uniquely 229 
mosaic functional signal in our fossil sample. The trabecular distribution within the finger metacarpal 230 
heads suggests A. sediba loaded its finger joints in a flexed power grip posture, similar to that of 231 
Pongo. In contrast, the internal structure of the thumb metacarpal is human-like, otherwise only 232 
showing an affinity with one Gorilla specimen, a dexterous taxon38,46 which has the closest thumb-to-233 
finger length ratio to humans among great apes4. This trabecular distribution in MH2 suggests 234 
habitual use of an abducted opposed thumb that is typical of human forceful precision grips. While 235 
human manipulation also requires flexed fingers, it loads the metacarpal heads differently than 236 
locomotor power grasping, as demonstrated in the trabecular separation of later Homo (H. sapiens 237 
and H. neanderthalensis) and Pongo (Fig .2, S3). Therefore, the trabecular structure of the MH2 238 
finger metacarpals is interpreted as reflecting locomotor, rather than manipulative, grasping. The 239 
palaeoenvironment of Malapa would have offered opportunities for flexed-finger rock climbing 240 
which may also be compatible with this trabecular evidence. However, as the best extant analogue 241 
for the trabecular pattern found in the A. sediba palm is that of the mostly arboreal orangutan, it is 242 
more conservative to interpret the MH2 pattern as reflecting locomotor grasping in an arboreal 243 
context. 244 
This trabecular evidence for great ape-like arboreal power grasping in the fingers and human-like 245 
manipulation in the thumb of A. sediba is present within a thumb metacarpal that is cortically more 246 
robust than its finger metacarpals, but intermediate between great apes and humans (Fig. 4). The 247 
external morphology of the A. sediba thumb is also mosaic, with a longer thumb relative to the 248 
fingers than even that of recent humans, suggesting enhanced opposability to the fingers, but this 249 
thumb is remarkably gracile with poorly developed entheses, suggesting a limited degree of force 250 
production3, 7. The finger metacarpals appear gracile but with uniquely large proximal bases and 251 
distal heads47. Unlike humans, however, the Mc4 and Mc5 are more robust than the Mc2 and Mc3 in 252 
A. sediba47, a Pongo-like pattern, thought to reflect more uniform use of digits in arboreal 253 
grasping29,33. The moderately curved phalanges and well-developed flexor sheath ridges on the 254 
proximal and intermediate phalanges in A. sediba have been interpreted as evidence of arboreal 255 
climbing3,47. Similar morphology in A. afarensis has been functionally interpreted in this way13, 256 
although others have disagreed12. The finger metacarpal trabecular structure demonstrates that 257 
these arboreal features are functionally significant and that A. sediba was using flexed, grasping 258 
postures similar to those used by Pongo in an arboreal environment. While it must be remembered 259 
the MH2 hand represents a single adult, it suggests that the arboreal features that characterise the 260 
A. sediba upper limb are also adaptive, although further internal bone analysis of the postcrania 261 
would help to confirm this.  262 
Our internal bone results provide the first evidence supporting the use of ape-like features within 263 
the A. sediba hand, and do not support their interpretation as incidental retentions from a more 264 
arboreal ancestor. This record of in vivo manual behaviour reveals that while the hand of the 265 
terrestrially bipedal A. sediba was used for manipulation, it was also used for arboreal power 266 
grasping, possibly to access arboreal food sources. Our analysis suggests A. afarensis and A. 267 
africanus were using their hands in a different manner to that of A. sediba, which may not be 268 
surprising given variation in australopith postcranial morphology, particularly the derived A. 269 
afarensis foot48. However, complete and associated hands of other hominins are required to infer 270 
hand use with the same resolution that we can for A. sediba. We do not mean to imply that A. 271 
afarensis or A. africanus were not arboreal, but that, if they were, they were likely using their hands 272 
in a different manner than A. sediba did. Just as we do not know which of these hominin species 273 
made stone tools, we are as yet, equally unaware of precisely how far each species adopted obligate 274 
bipedalism, or if they did so in similar ways. A. sediba likely reflects one of many transitions to 275 
obligate bipedalism in Plio-Pleistocene hominins, one in which A. sediba used its hand both for 276 
manipulation and arboreal locomotion in a distinct manner. 277 
Methods 278 
Scanned samples and Image segmentation 279 
Extant specimens were micro-CT scanned with a BIR ACTIS 225/300, Diondo D3, or Skyscan 1172 280 
high resolution microCT scanners at the Department of Human Evolution, Max Planck Institute for 281 
Evolutionary Anthropology, Germany, or with the Nikon 225/XTH scanner at the Cambridge 282 
Biotomography Centre, University of Cambridge, UK. Fossils were scanned at these or their host 283 
institutions. Scans were performed at 100-160kV and 100-140µA, using a brass or copper filter of 284 
0.25-0.5mm. The scans were reconstructed to create volumetric images with an isometric voxel size 285 
between 13-57µm, depending on the size of the specimen. 286 
If the quality of micro-CT reconstructed volume, as well as the trabecular and cortical preservation, 287 
were appropriate for at least one of the analyses, the metacarpal image was cropped and reoriented 288 
into standard anatomical positions (Extended Data 1a, inset), and unwanted dense inclusions that 289 
would be erroneously classified as bone were removed in Avizo 6.3 (Visualization Sciences Group, 290 
SAS). The Ray Casting Algorithm49 was used to segment bone from other materials in bone 291 
metacarpals, while the MIA-Clustering method50 (Extended Data 1b, c) was used to segment fossils 292 
due to the frequent presence of introgressive material. 293 
Trabecular analysis 294 
Segmented metacarpal images were processed with the whole-epiphysis method, as described in 295 
more detail in many studies24,26,42and subsequent geometric morphometric landmark analysis was 296 
performed in a similar manner to that described in46,51. In brief, a number of image filters, run via 297 
medtool 4.2 (Dr. Pahr Ingenieurs e.U.), automatically isolated first the whole bone followed by a 298 
separation of inner trabecular structure from the cortical bone. The whole bone is segmented by a 299 
“fill” operation i.e. casting rays from the outer cortical shell at multiple angles followed by a 300 
morphological closing. This whole bone volume is eroded by a region growing in combination with 301 
morphological operations. Thus, the inner trabecular volume as well as the cortical shell of the 302 
metacarpal is obtained. A structured background grid of 2.5mm cubes was superimposed on the 303 
isolated trabecular volume and overlapping spherical volumes of interest (VOI), 5 mm in diameter, 304 
were centred at each of its vertices (Extended Data1c). Trabecular bone volume fraction (BV/TV) was 305 
then measured in each VOI and the values were interpolated on the centroids of a 3D tetrahedral 306 
mesh of the trabecular volume, created with CGAL (Extended Data 1d). BV/TV is strongly associated 307 
with the mechanical properties of trabecular bone (as referenced in 25,26) and is not markedly 308 
allometric53. 309 
The present study focuses on subchondral or subarticular BV/TV since forces at a joint must pass 310 
through part of the subchondral cortical bone29,30 and trabecular structure, before reaching the deep 311 
trabecular structure or diaphyseal cortical bone27. Therefore, if bone functional adaption to 312 
habitually loaded joint positions exists, it should be found in the subchondral trabeculae46,51. To 313 
achieve this subchondral trabecular analysis the outer surface of the 3D trabecular mesh was 314 
isolated in Paraview and a Poisson surface reconstruction filter was used to smooth the surface in 315 
Meshlab. Metacarpal surfaces from left hands were then mirrored so that they were oriented in the 316 
same manner as those from right hands, for homologous functional comparison. Surfaces of all 317 
metacarpal heads and thumb metacarpal bases were manually landmarked in Checkpoint (Stratovan 318 
Corporation, Davis, CA). Anatomical landmarks used here have been previously shown to be 319 
repeatable and are listed in previous work46,51. A template of landmarks was manually created on a 320 
randomly chosen specimen for finger metacarpal (Mc2-5) heads, thumb (Mc1) metacarpal heads 321 
and thumb metacarpal bases, respectively in Avizo 6.3 (Visualization Sciences Group, Germany), 322 
following46,51. The sliding semi-landmarks that bordered, and those that were equally distributed 323 
over, the sub-articular surface of each template were then projected onto the appropriate surface of 324 
each metacarpal in the sample via the Morpho package in R. This package was also used to relax 325 
projected landmarks onto each metacarpal surface by minimising bending energy and to slide the 326 
semi-landmarks along their respective curves and over the surface by minimising Procrustes 327 
distances (Extended Data 1e). In order to interpolate BV/TV to these landmarks a custom Python 328 
script was used to assign BV/TV values of each tetrahedra in the unsmoothed trabecular mesh 329 
created in medtool 4.2 to the centre of their surface triangles. The Python module SciPy was used to 330 
interpolate these centre BV/TV values to the closest (nearest-neighbour) landmark on the smooth 331 
surface (Extended Data 1f). In R, a generalised Procrustes procedure was run on these landmarks 332 
using the Geomorph package to create 204 sets of 173 homologous finger metacarpal head 3D 333 
landmarks and 58 sets of both 49 thumb metacarpal head, and 40 thumb metacarpal base, 3D 334 
homologous landmarks, all with an associated BV/TV value. As the raw BV/TV values may 335 
incorporate both biomechanically functional and systemic differences between species or 336 
individuals42, we follow other studies that standardise BV/TV in order to analyse the distribution, 337 
rather than raw magnitude, of trabecular volume beneath joint surfaces4246,51. Briefly, at least one of 338 
these species, humans, is known to have systemically lower BV/TV than the others42,43,. Therefore 339 
comparisons of highest BV/TV values on a given region of a human subchondral surface, with the 340 
lowest of those on the same region of another species’ subchondral surface, may yield no significant 341 
statistical difference, because this difference in magnitude obscures the difference in distribution46,51 342 
52. Therefore, the BV/TV value at each landmark on a subchondral surface was divided by the 343 
arithmetic mean of all landmark BV/TV values on that subchondral surface of that specimen, to 344 
derive a relative measure of bone volume fraction (RBV). While this standardisation approach does 345 
not consider some important information contained in BV/TV, such as difference in overall bone 346 
volume magnitude, it does allow for the analyses of different patterns of bone volume distribution. 347 
RBV values approaching one indicate BV/TV values close to the average BV/TV of that subchondral 348 
surface. 349 
Cross-sectional geometry 350 
Several palaeoanthroplogical and bio-archaeological studies have employed cross-sectional 351 
geometry (CSG) at the mid-diaphysis of long bones to investigate cortical bone functional 352 
adaptation21,31. Though findings have cautioned against a simple interpretation of comparative 353 
results28, several experimental studies have shown that loading regime does affect the cross-354 
sectional properties of cortical bone (as reviewed in21).  355 
In order to generate a 50% mid-diaphysis axial cross-section, a 2D sagittal cross-section of each 356 
segmented metacarpal image was created using medtool 4.2. A homologous axial cross-section 357 
requires a mid-slice orthogonal to the long axis of the metacarpal, however several specimens 358 
studied, particularly those of Pongo, were curved, resulting in an oblique axial cross-section in an 359 
anatomical position that is not homologous to those of straighter metacarpals. In order to 360 
ameliorate the effect of metacarpal curvature on axial cross-section homology, the Numpy Python 361 
module was used to run a PCA on the 2D co-ordinates of bone pixels in the sagittal cross-section 362 
image (Extended Data 2a). The largest eigenvector generated by this PCA linearly describes the 363 
variance in the position of the pixels that form the bone image (e.g. the grey pixels in Extended Data 364 
2a.). This eigenvector is then a straight line, which better describes the long axis of the metacarpal 365 
than the initial long axis found in an anatomical position, as it incorporates the relative amount of 366 
curvature in each bone. The angle between the eigenvector and the y-axis was found and the 367 
segmented 3D volume was then rotated by this angle in the sagittal plane using medtool 4.2 368 
(Extended Data 2b). ImageJ was then used to find the most proximal and distal bone pixel in the 369 
rotated sagittal image and the midpoint between them in the y-axis (Extended Data 2c). Medtool 4.2 370 
was used to extract a homologous axial 50% mid-slice from each rotated 3D segmented volume in 371 
the entire sample (Extended Data 2d).  372 
The Slice Geometry function of BoneJ was run on these homologous axial mid-slices to calculate the 373 
maximum (Imax) and minimum (Imin) area moments of inertia (second moments of area) as well as 374 
the area moment of inertia in the dorso-palmar (IDP) and radio-ulnar (IRU) planes in each case 375 
(Extended Data 2e, f). The average of Imax and Imin (Iavg), was used as a measure of overall 376 
diaphyseal bending stiffness as it is directly proportional to the average bending rigidity of a bone54. 377 
These measures were calculated in mm4 and a species mean for each metacarpal is reported in S6. 378 
The ratio of IDP/ IRU measures how a bone can resist bending forces in each anatomical plane, with 379 
ratios above one indicating a more dorso-palmar bending stiffness, ratios below one indicating more 380 
radio-ulnar resistance, and ratios around one indicating similar resistance in both planes. Both Iavg 381 
and IDP/ IRU of the thumb metacarpal (Mc1) were divided by the arithmetic mean Iavg and IDP/ IRU 382 
of the finger metacarpals (Mc2-5). The resulting ratios indicate the biomechanical bending stiffness 383 
at mid-diaphysis of the thumb metacarpal relative to the rest of the metacarpus and how far the 384 
direction of this resistance to bending departs from the finger metacarpals. 385 
Statistical analysis 386 
In order to analyse the distribution of subchondral RBV, the mean values of each landmark per 387 
species were visualised on canonical metacarpal surfaces created using a statistical shape model in 388 
wxRegSurf (http://mi.eng.cam.ac.uk/~ahg/wxRegSurf/). For finger metacarpals (Mc2-5), each of the 389 
692 landmark values were treated as variables in a principal components analysis (PCA). The first 390 
three principal components (PCs) comprised 54% of the variation and further PCs described less than 391 
10% additional variation. Therefore, in order to test if overall RBV distribution was different between 392 
extant species, an omnibus and subsequent pairwise one-way permutational MANOVAs were run on 393 
the first three PC scores of each set of finger metacarpals, using the Vegan and RVAideMemoire 394 
packages in R. Before these tests were performed, a test of multivariate homogeneity of variance 395 
was performed on the Euclidean distance matrix that describes the PC scores and a Bonferroni 396 
correction was applied to all pairwise results, to ensure valid comparisons. A permutation approach 397 
was taken as not all data met the assumption of multivariate normality. This approach was 398 
separately applied to the subchondral RBV of the thumb metacarpal (Mc1), as this bone has two 399 
mobile joints that are loaded differently, and likely concomitantly, in different habitual thumb 400 
postures. For this analysis both proximal and distal epiphyses were combined in the same manner as 401 
the four finger metacarpal heads. RBV distribution of individual subchondral surfaces are visualised 402 
for fossils (Extended Data 4) and have been analysed separately for extant samples in previous 403 
work46. In order to determine if individual fossils were significantly different from extant groups a 404 
permutational, Hotelling’s one-sample T2 test was employed from the R Package Compositional for 405 
the Mc1 and Mc2-5 separately. While one-sample test results must be interpreted with caution, as 406 
their statistical power is limited, these tests provide some statistical interpretation of the results 407 
visualised in the PCAs until further fossils are discovered. To test for significant differences in the 408 
relative cortical bending stiffness and shape of metacarpal diaphyses between extant species, a 409 
Kruskal-Wallis with post-hoc Dunn’s tests were run on Iavg and IDP/ IML ratios respectively, with a 410 
Bonferroni correction. A one-sample Wilcoxon signed rank test was used to determine if individual 411 
fossils were significantly different from extant species for each variable separately, though again 412 
these are interpreted with caution. All statistical tests were performed in R, with a p-value < 0.05 413 
taken as significant. 414 
Figure legends 415 
Fig. 1. Average relative trabecular bone (RBV) distribution in great ape and human metacarpals 416 
during habitual hand postures. RBV is the ratio of subchondral trabecular bone to space at each 417 
landmark divided by the average values for all landmarks on that subchondral surface. Higher RBV 418 
indicates relatively more bone in this part of the metacarpal (red landmarks) while lower RBV 419 
indicate relatively less bone (blue landmarks). RBV values ~1 indicate trabecular bone is near the 420 
average of the surface in this area (white landmarks). Hand postures are shown for (a) knuckle-421 
walking in Gorilla, (b) arboreal locomotion in Pongo and (c) manipulation in humans. Though not 422 
habitually used by Pongo during arboreal locomotion, the arrow in (b) illustrates adduction of the 423 
thumb during ‘pad-to-side’ grips habitually used by all non-human apes and in (c) abduction of the 424 
‘pad-to-pad’ opposed thumb in humans during precision grips. Species average RBV distribution in 425 
the Mc1 base is depicted inset for (b) and (c).  426 
Fig. 2. Relative trabecular bone volume fraction (RBV) distribution in the metacarpal heads of the 427 
palm. a) A 3D PCA depicting subchondral RBV variation across the finger metacarpals (Mc2-5). Each 428 
point represents the pattern of RBV across an associated metacarpus in one individual. Fossils are 429 
plotted in black and labelled. RBV distribution clearly distinguishes among the extant taxa, apart 430 
from both Pan species that have very similar locomotor repertoires. Both fossil H. sapiens (Ohalo II 431 
and Arene Candide 2) fall within the proximity of recent humans, while H. neanderthalensis 432 
specimens (Kebara 2 and El Sidrón) are separated from humans on PC3. A. sediba is distinct, situated 433 
closest to Pongo and far from humans and great apes. b) The same PCA but based on just Mc2-4 for 434 
comparison with A. africanus composite sample and c) based on Mc 2, 3 and 5, for comparison with 435 
A. afarensis composite sample. Though interpretation of incomplete and composite metacarpi must 436 
be undertaken with caution, note that in neither case do A. afarensis or A. africanus have a similar 437 
RBV distribution to that of A. sediba. 438 
Fig. 3. Relative trabecular bone volume fraction (RBV) distribution in the thumb metacarpal. A 3D 439 
PCA depicting subchondral RBV variation across the thumb metacarpal (Mc1) head and base. Each 440 
point represents the pattern of RBV across both epiphyseal surfaces in one individual. Fossils are 441 
plotted in black and labelled. RBV clearly distinguishes modern humans from great apes and Gorilla 442 
somewhat departs from the great ape pattern. SK 84 (assigned to either Homo or Paranthropus), is 443 
situated within the great apes. All fossil H. sapiens (Arene Candide 2, Barma Grande 2 and Ohalo II) 444 
and Feldhofer 1 fall close to the recent human sample. Kebara 2, El Sidrón and StW 418 (an A. 445 
africanus specimen) are separated from all extant species. A. sediba falls within the range of recent 446 
humans. 447 
Fig. 4. Relative cortical bending stiffness of thumb metacarpals at midshaft. A bivariate plot of 448 
cross-sectional geometry variables. For each hand, a ratio of the thumb metacarpal (Mc1) and the 449 
mean finger metacarpal (Mc2-5) average area moments of inertia (Iavg, mm4) is plotted on the X-450 
axis. The ratio of area moments of inertia (mm4) in the dorso-palmar (DP) and radio-ulnar (RU) 451 
planes is a shape index for a metacarpal diaphysis. A ratio of these shape indices between the thumb 452 
metacarpal and average finger metacarpals is plotted on the y-axis. Representative metacarpi of P. 453 
troglodytes and H. sapiens are depicted adjacent to their values. Note the separation of recent and 454 
fossil humans from great apes and A. africanus. A. sediba is situated between recent humans and 455 
great apes.  456 
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